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ABSTRACT  
A major hazard to jet engines posed by volcanic ash is linked to the wetting and spreading of 
molten ash droplets on engine component surfaces. Here, using the sessile drop method, we 
study the evolution of the wettability and spreading of volcanic ash. We employ rapid 
temperature changes up to 1040-1450 °C, to replicate the heating conditions experienced by 
volcanic ash entering an operating jet engine. In this scenario, samples densify as particles 
coalesce under surface tension until they form a large system-sized droplet (containing remnant 
gas bubbles and crystals) which subsequently spreads on the surface. The data exhibit a 
transition from a heterogeneous to a homogeneous wetting regime above 1315 °C as crystals in 
the drops are dissolved in the melt. We infer that both viscosity and microstructural evolution are 
key controls on the attainment of equilibrium in the wetting of molten volcanic ash droplets. 
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TEXT  
Volcanic ash – comprised of glassy and crystalline fragments smaller than 2 mm - is the most 
voluminous and widespread product of explosive volcanic eruptions. Such eruptions are 
increasingly the cause of temporary closure of air travel routes and concomitant economic losses 
(e.g., the Eyjafjallajökull volcano eruption in Iceland in 2010).1-7 The “melting” temperature of 
most volcanic ash is 1000 ~ 1200 °C (depending on the bulk composition);8 i.e., lower than the 
turbine inlet temperature (1200 – 1450 °C) of a jet engine at cruising altitude.9 When ingested, 
volcanic ash particles are exposed to these high temperatures and melt. The then molten ash 
impacts and may adhere to hot component surfaces coated by thermal barrier coatings (TBCs) 
(e.g., nozzle guide vanes and turbine blade surfaces).10,11 After deposition, the molten volcanic 
ash may plug the cooling holes and cause the TBC coatings to spall off, potentially exposing the 
underlying metal surface to highly reactive high temperature gases. Such molten ash deposits can 
degrade engine performance or even induce catastrophic engine failure.12-15  
The wetting properties of molten volcanic ash droplets are directly related to processes of 
impact, adhesion and spreading.16 Spreading, in particular, controls the contact area and thus the 
area available for impingement and chemical reaction between ash and the surfaces of high 
temperature components within a jet engine. Thus, a fundamental understanding of the spreading 
dynamics of molten volcanic ash droplets is an essential input for generalizing any method of 
estimation of the propensity for ash deposition as well as any resultant efforts to mitigate the 
resulting deterioration of jet engine performance.17  
Previous studies have constrained the spreading of low temperature (<150°C) droplets (e.g., 
water, organic liquids) whereas others have investigated the behavior of molten metals and 
glasses at high temperature (1100-1350°C).18,19 Most analyses of liquid-solid wetting have been 
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conducted under thermodynamic equilibrium conditions, where all material properties (e.g., 
viscosity, surface tension, and distribution of phases) are time invariant. In contrast, under non-
isothermal conditions, as is the case during ingestion and deposition of ash in operating jet 
engines, the material properties vary through time. Such complex thermal scenarios require 
investigation of the spreading kinetics under dynamic conditions. Until such dynamic scenarios 
are experimentally investigated, our understanding of the wetting properties of volcanic ash on 
jet engine surfaces must remain rudimentary. 
Here, we present experimental results of wetting under highly dynamic conditions by 
directly exposing volcanic ash to high temperatures (between 1039°C and 1451°C), designed to 
replicate the heating conditions experienced by the volcanic ash entering an operating jet engine. 
These results should enable a scaling analysis of the most complex and relevant dynamic case of 
ash – turbine interaction 1) where spreading occurs mainly under non-isothermal conditions, 2) 
for which the suspended crystalline phase fraction in the viscous droplets decreases as a function 
of time as crystals melt/dissolve, and 3) where wholesale spreading is preceded by a coalescence 
process of many smaller droplets - analogous to multiple impacts of volcanic ash particles on 
surfaces. 
The present sessile drop experiments were performed using volcanic ash-sized particles, 
produced by crushing a much larger volcanic bomb sample from the 2010 eruption of 
Eyjafjallajökull volcano, Iceland. The bulk chemical composition, microstructure, and particle 
size distribution of the lab-produced ash were obtained using X-ray fluorescence, 
scanning electron microscopy (SEM), and laser diffraction methods, respectively (for details see 
Text S1 and Figure S1 in the supporting information). 
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Volcanic ash samples (with grain sizes of < 63 µm) were first compressed under an applied 
stress (1.5 N mm-2) into 3-mm high, 3-mm diameter cylinders which were then placed on an 
alumina (99.99%) substrate (10 × 12 mm). This sample assembly (i.e. ash cylinder plus alumina 
substrate) was then fixed in the sample holder of an optical dilatometer (Figure 1A).20 To test the 
effect of rapid heating conditions (and thereby to simulate in a controlled manner the non-
isothermal conditions approaching those experienced by volcanic ash upon ingestion into a jet 
engine), we have adopted a procedure in which the sample assembly (at position a; Figure 1A) 
was inserted into the furnace (at position b; Figure 1A), which had been preheated to a target 
temperature !!"#. The temperature of the furnace !!"# was set in successive experiments to 
temperatures ranging between 1039 ºC and 1451 ºC. After the compacted sample was inserted in 
the furnace hot zone, morphological changes of the compact were monitored at a 1 Hz sampling 
rate by a charge-coupled device (CCD) camera, which captured 2D cross-sectional images of the 
cylinder parallel to the axis of rotation. 
In this optical dilatometer, a thermocouple and its alumina sheath are inserted into an 
alumina protective tube to protect the thermocouple against chemical contamination.  In order to 
minimize the heat-retarding effect of the thermal mass of the sheath and to better constrain actual 
temperature path experienced by the sample, we have conducted a separate set of calibration 
experiments wherein a second (unsheathed) S-type thermocouple (Figure 1B), was located on the 
alumina substrate in the same position as the compacted volcanic ash sample (Text S2 and 
Figures S2 and S3). The sample was kept at high temperature until the spreading reached 
equilibrium conditions, defined as the optical observation of the cessation of spreading.21 The 
experiments at each temperature were repeated at least three times. These wetting processes are 
visually illustrated in the Movie S1. 
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Figure 1. Thermal history in the wetting experiments at the various heating conditions. (A) Side 
view of the setup and sessile drop method during rapid heating: the volcanic ash compact, which 
is placed outside the furnace (Position a), was rapidly moved into the hot zone (Position b) after 
the furnace was heated up to the desired temperature; subsequently, geometric parameters were 
tracked with time. (B) Sample temperature-time profiles measured by the thermocouple without 
alumina tube protection at the !!"# from 1039 °C to 1451 °C at intervals of 47 °C. (C) Sintering 
and subsequent spreading of molten volcanic ash droplets for experiments with !!"# of 1451 °C, 
represented by a series of photographs showing the melting of a 3×3 mm volcanic ash compact. 
Note that the field of view is 10-mm wide × 6-mm high. 
Once inserted at !!"#, the samples decreased non-linearly in cross-sectional area ! 
axisymmetrically, and therefore in volume,22 we observe that for !!"# < 1133 °C, spreading of 
the contact line does not occur on the timescales of our experiments, whereas above this value, 
spreading is observed to be time-dependent. This critical temperature is in good agreement with 
the sample liquidus 1141 °C, above which the system is likely fully molten (as constrained by 
using major element chemistry shown in Figure S1A, but excluding water content, as input into 
the MELTS thermodynamic multicomponent calculator).23,24 This implies that for multiphase 
volcanic droplets suspending crystals, the liquidus temperature may be a first-order constraint on 
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the likelihood of jet engine component surface suffering the impact of wetting during the 
ingestion of volcanic ash particles. 
Combined analysis of the heating profile and spreading conditions (Figure 1B) indicates that 
in experiments conducted at low temperature regime at 1133 °C ≤ !!"# ≤ 1180 °C, the entire 
spreading process occurs under effectively isothermal conditions. In the higher temperature 
regime however, namely, at 1226 °C ≤ !!"# ≤ 1451 °C, the spreading process initiates and 
develops mainly under non-isothermal conditions. Thus in the scenarios studied here (as well as 
any, more extreme, heating conditions) the spreading of molten volcanic ash droplets is not a 
purely isothermal process occurring at a constant state, but rather a complex physico-chemical 
process (involving the glass transition, crystal melting and likely volatile exsolution and 
outgassing). Moreover, under such rapid heating conditions, melting itself is a substantially 
disequilibrium process as melting may result from the dissolution of individual minerals, leading 
to complex microstructure evolution as minerals melt, and the resultant melts mingle and mix 
(i.e., chemically homogenize), perhaps causing a transient rheological response  upon 
spreading.25,26  
In these tests, performed to simulate ash ingestion in hot engines, spreading does not 
commence instantaneously,27 but rather initially requires sintering of the constituent particles, 
whereby the sample may shrink due to particles coalescing. Once the interstitial gas phase has 
become isolated from the outside of the sample (complete sintering), the sample can swell in size 
if the temperature continues to increase due to gas expansion in the now-trapped pores (see upper 
row in Figure 1C, at the !!"# of 1451°C and Text S3 and Figure S4).28 During sintering, the 
original cylindrical compact of volcanic ash melts to form a volcanic ash droplet with a volume 
of ca. 3 mm-3, which is then amenable to spreading (during spreading, the sample-substrate 
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contact surface widens radially, defined by a circular area of radius !; see lower row in Figure 
1C). From this point forward, in order to quantify the onset and end of spreading, we use the 
evolution of the radius !(!) (between the molten volcanic ash and solid alumina substrate) to 
define the initial, final and equilibrium spreading conditions: these radius and time conditions are 
expressed as !!, !!, !!" and !!, !!, !!" respectively (see lower row in Figure 1C) (Text S4 and 
Figure S5). A maximum value of shape factor ! (defined by ! = !"#/!! where ! and ! are the 
2D sample cross section area and perimeter) after the initial spreading condition is used to 
characterize the droplet radius itself as a droplet of initial radius ! (e.g., at 89 s of a wetting 
experiment at !!"# of 1451 °C). Details and worked examples are given in Table S1. 
 
Figure 2. The spreading dynamics of the molten volcanic ash droplets at the various heating 
conditions. (A) Evolution of the relative spreading radius !! plotted as a function of relative time !! for the molten volcanic ash droplets from the initial stage of spreading until equilibrium at !!"# from 1133 °C to 1451 °C. (B) Mean spreading velocity ! of the molten volcanic ash 
droplets in the range between the initial and finial spreading conditions as a function of !!"#. 
The data in Figure 2A represent individual experimental datasets while the data in Figure 2B 
show the mean of three independent experiments, along with the standard deviation. We give a 
functional approximation (red curve) of the temperature dependence of the mean spreading rate 
for these droplet sizes. 
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Our experimental results yield first and foremost insights into the dynamics of the spreading 
process when !!"# is 1133-1451°C, namely, how the wetted area of radius ! grows with the 
time ! once a molten volcanic ash drop spreads shown in the second row of Figure 1C at the 
variety of !!"#. To easily compare the process at each temperature, we adopt the relative 
spreading radius !!, defined as !− !!, plotted as a function of the relative time !!, defined 
as !− !!, at !!"# of between 1133°C to 1451°C are shown in Figure 2A. We observe that during 
the initial spreading process at low !!"# between 1133°C and 1180°C, !! increases as a function 
of time, which indicates even spreading occurs during essentially isothermal condition. The 
dominant material property which varies by orders of magnitude over relatively small changes in 
temperature, is the silicate liquid viscosity !. Therefore, it is important to constrain the 
temperature dependence of the viscosity (see below). 
To provide an empirical tool of wider utility for the average kinetics of spreading, we assess 
the average spreading velocity ! (denoting the mean of the velocity !!! !!! between the initial 
and final spreading conditions) (Text S5). We note that ! increases approximately exponentially 
with the ambient temperature above the glass transition (the best-fit exponential function is given 
in Figure 2B), further confirming that temperature is a key parameter in controlling the spreading 
rate and wetting propensity of molten volcanic ash droplets. 
Upon completion of the spreading of molten volcanic ash droplets (namely, after 1.5 ×104 s 
at the !!"# = 1133 °C and 5 ×103 s for !!"# > 1133 °C), we measure the average equilibrium 
contact angle !!" as the mean of the contact angle on the right and left side of the sample (Figure 
3A). We show that !!" is a strong function of !!"# and apparently approaches a temperature-
independent low-angle value at high !!"# (Figure 3A). Furthermore, we use the model based on  
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Figure 3. Equilibrium wetting state of molten volcanic ash droplets at various heating 
conditions. (A) Dependence of the equilibrium contact angle θeq of molten volcanic ash droplets 
on !!"#. Inset: a schematic illustration of the left and right side of the sample, yielding two 
measurements per sample. (B) Viscosity of molten volcanic ash based on concentric cylinder 
measurements (see Supplementary Information). (C) SEM photographs of the interior 
microstructural evolution of the spreading volcanic ash with an increasing!!"#. (D) Si element 
maps showing the extent of molten volcanic ash droplets penetration at various !!"#. The 
images in Figures 3C and 3D show representative textures obtained at each testing condition. 
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the experimentally determined viscosity values, Text S6 and Figure S6 obtained from the 
volcanic ash melt without crystals and bubbles and under thermodynamic equilibrium conditions 
to calculate the viscosity value at each !!"# shown in Figure 3B. Considering the existence of 
bubbles and crystals at low !!!" (1133 °C ≤ 1272 °C; Figure 3C), the actual bulk viscosity 
values are possibly higher than the calculated ones. Surface tension is apparently negligibly 
dependent on temperature.29 However, even small changes in surface tension can manifest as 
large differences in contact angle.30 The effect of viscosity strongly controls the kinetics of the 
approach to equilibrium contact angle (see below). Analysis of the cross-sectional area of the 
droplet after the experiment shows the evolution of internal microstructure with an increasing 
Tmax (Fig. 3c). The threshold Tmax 1315°C could be regarded as a transition in microstructure 
evolution defining heterogeneous and homogenous regimes. 
Chemical analysis across the sample-substrate interface indicates that Si undergoes no 
obvious sign of interdiffusion at !!"# ≤ 1315°C (Figure 3D). In contrast, at !!"# > 1315°C, 
there is evidence of chemical exchange between the sample and the substrate. However, even at 
the !!"# = 1451°C, the penetration depth is 150 µm (i.e., far less than the 1-mm thick alumina 
substrate) and the relative difference of viscosity caused by interdiffusion is lower than 7 %, 
(using a multicomponent viscosity model calibrated for silicate melts (Text S7 and Figure 
S7)).31,32 This constraint suggests that it may be reasonable to regard the spreading process 
(under the temperature conditions and timescales explored in this study) as occurring under 
relatively inert (non-reactive) conditions. 
Generally, the dynamics of droplets impacting, depositing and spreading on surfaces are 
characterized by the Eötvös, Ohnesorge, and Weber numbers.33 The Eötvös number !" =!"!!/Г scales the relative importance of gravitational and surface tension forces, where ! is the 
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liquid density, Г is the surface tension and ! is the characteristic droplet size. The Ohnesorge 
number !" = !/ !Г! scales the relative importance of viscous forces and inertia arising from 
surface tension forces. The Weber number !" = !"!!/Г scales the relative importance of 
inertia and surface tension forces, where ! is the impact velocity of the droplet. For volcanic ash 
droplets, across a wide range of temperatures between 1100-1600 °C, ! is 2000-2895 kg m-3, ! 
is 10-7-10-2 m (and milled to <10-5 m in jet engine compressor16), and Г is 0.35-0.37 N m-1 (for 
this scaling analysis, we choose the average value 0.36 as a mean value);34-36 and therefore, !" < 
1 whereby surface tension dominates over body forces. As a large number of volcanic droplets 
are deposited on a surface they coalesce under surface tension forces at droplet-droplet 
interfaces, and can form much larger droplets. However for !" to exceed unity, the droplets 
would have to reach ~10-2 m, which is unlikely in jet engines. Therefore, the effect of gravity on 
the droplet scale can be neglected. Previous studies have focused on the low !" number regime 
in which small droplets spread on surfaces (as here) and where the role of gravity is negligible. 
In this case the main body of work has focused on either (1) the high !" number case where 
spreading is driven by capillarity at the contact line or (2) low !" number droplets for which the 
Weber number is high, which is not the case here (in our case ! = ! and so !" → !).37  
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Figure 4. Scaling the wetting process using volcanic ash. (A) Dimensionless radius !!/! as a 
function of the dimensionless time !!/!, with ! = !"/Г for the data from Figure 2A. (B) 
Dynamic coefficients C and α as a function of !!"#. The data in Figure 4a represent individual 
experimental dataset and the data in Figure 4B show the mean of three independent experiments, 
along with the standard deviation. 
Where a wetting liquid droplet contacts a solid surface in the high !", low !" number 
regimes, the kinetics of droplet spreading can be scaled by Tanner’s law which is cast as ! ! = (! !)! !",38,39 where ! is the capillary timescale ! = !" Г (Text S8).40 This scaling has 
not however proved universal when tested against experimental data and thus a more general 
empirical scaling has been proposed ! ! = !(! !)! where ! is proportional to the contact angle 
between the droplet and substrate.41 Variations of these propositions have been tested over a 
large range of experimental complexity. In non-isothermal conditions, as is the case during 
ingestion and deposition of ash in operating jet engines, the material properties vary with time 
upon heating. Non-isothermal conditions can be incorporated in the scaling for ! ! by rendering ! a function of time. 
To illustrate a scaling of the adapted form of Tanner’s Law presented above, in Figure 4A 
we normalize !! by ! and !! by !. Here, we use !(!, !) (see Figure 3B) to compute ! at each 
temperature during thermal equilibration to !!"# based on experimental viscosity measurement. 
Most datasets collapse to a single curve via this normalization. The exception is for the 
experiments conducted at 1133°C and at 1180°C, presumably because at these temperatures the 
sample was not completely molten and therefore, !(!, !) does not capture the viscosity of the 
bulk material. This convergence confirms that capillarity is driving spreading and thus viscosity 
is rate-limiting. 
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Tanner’s law is generally applied for predicting the late-stage spreading of droplets instead 
of the initial development of spreading. Therefore, in order to obtain the cut-off point between 
the early- and late-stage regime of spreading process at each temperature condition, we apply the 
Pearson product-moment correlation coefficient ζ to verify the power law relationship of a 
modified Tanner’s law (for the details on Pearson product-moment correlation coefficient, see 
Text S9, Figure S8) and classify the spreading process into two stages: the early and late 
spreading stage.42 The onset of the late spreading stage is marked with a red line (Figure 4A), 
which represents a perfect power-law with a correlation coefficient greater than 0.99. We apply 
the empirical modification of Tanner’s law described above and observe that in our experiment, 
the values of C and a (for molten volcanic ash droplets spreading under the different 
temperatures by fitting the data marked in red in Figure 4A) are almost universal (0.76 ± 0.13 
and 0.27 ± 0.01, respectively), unlike the spreading characteristics of an ideal drop (e.g., water 
and metal) at low or high temperatures as both of these parameters would vary with the droplet 
properties.43,44  
This study quantifies how rapidly volcanic ash may be expected to melt, coalesce and spread 
during rapid heating to high temperatures, similar to those encountered within operating jet 
engines. The analysis of post-coalescence spreading dynamics of molten volcanic ash droplet 
under the different !!"# conditions establishes that the liquidus temperature is the threshold to 
wetting and spreading of volcanic ash, that capillarity controls spreading kinetics and that the 
temperature-dependent viscosity is the dominant rate-limiting parameter, indicating that 
temperature is the most important parameter controlling the deposition propensity in jet engines. 
The data suggest that under such rapid heating conditions, which impose non-isothermal 
conditions, the spreading kinetics can be scaled by adopting a non-isothermal capillary timescale. 
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Our experiments reveal fundamental similarities in the spreading behavior of molten volcanic 
ash and pure liquid at high temperatures despite their additional complexities. These results can 
serve as a basis for the formulation of a unified wetting and spreading theory in high temperature 
systems of industrial interest and may motivate the development of specific non-wetting barrier 
coatings for jet engine parts. 
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Introduction  
The supporting information here provides additional technical details on the Eyjafjallajökull 
volcanic ash characterization, measurement of the sample temperature, definition of 
characteristic conditions in spreading process, definition of average spreading velocity, viscosity 
measurement of volcanic ash melt, the sensitization of molten volcanic ash on interfacial effects, 
rescaling the spreading process based on Tanner’law, Pearson product-moment correlation 
coefficient analysis as well as movie for showing the wettability and spreading process of 
volcanic ash at the extreme heating conditions  
Text S1. 
Eyjafjallajökull volcanic ash characterization: X-ray fluorescence (Philips Magix XRF 
spectrometer at 4 kV) and scanning electron microscope (SEM, JEOL JSM-5600) analyses were 
conducted on samples to assess their bulk chemical composition (Figure S1A) and to observe the 
microstructure of the ash particles (Figure S1B). Particle size distributions of milled ash were 
measured via a LS 230 laser diffraction particle analyser (Beckman Coulter) (Figure S1C). The 
D10, D50 and D90 values in Figure S1C constrain the smallest particle size, which contribute to 
define the coarsest 10%, 50% and 90% particle fraction from the cumulative volume distribution, 
respectively. 
Text S2. 
Measurement of the sample temperature: In the current optical dilatometer apparatus, the 
thermocouple and insulation are inserted into an alumina protection tube (Figure S2A), which is 
generally used to measure the sample temperature at controlled heating rates (e.g., ≤ 10°C min-1). 
However, due to the effect of a lag in heat transfer through the alumina protection tube, we 
Page	S3	
	
adopted a new temperature measurement procedure by drilling two small holes (1 mm diameter) 
in the protection tube wall and the alumina substrate, and placing the joint/tip of the 
thermocouple onto the alumina substrate in the same position as the volcanic ash compact core 
(Figure S2B). This yields a measured temperature closer to that of the ash compact. 
Subsequently, we carried out the same insertion procedure as utilized in the series of wetting 
experiments described in the main text; namely, rapidly mitigating the thermocouple with joint 
being outside of the protection tube to the hot zone of the furnace heated to the highest 
temperature !!"#  between 1039°C and 1451°C with temperature intervals of 47°C, and 
maintaining 600s until thermodynamic equilibrium and then extrapolating the same exposure 
time as the volcanic ash wetting experiment. The heating profile experienced by the 
thermocouple with the joint that is outside the protective tube is recorded (black line in Figure 
S2C) and consequently, is compared to those with the joint inside of the protective tube obtained 
in the wetting experiments (red line in Figure S2C).  
Subsequently, to quantify the rate of heat transfer in the heating process with two different rates, 
we calculated the average heating rate using Eq. (1). 
1 1,...,
tn t
i
i i
dT
dtq i n
n
=
== =
∑
    
(1) 
Where, ! is the average heating rate (°C s-1), !! is the measured temperature at time !!, and !! is 
defined as the time when the temperature equals to the 99% of the equilibrium temperature and 
also regarded as the threshold value between the non-isothermal and isothermal region. The use 
of this parameter !! reduces the influence of the cross-section of the heating profile. From 
analysis of average heating rate shown in Figure S3, we note that ! measured by the joint of the 
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thermocouple directly exposed to the hot zone at the various !!"#  are always higher than those 
where the joint of thermocouple is within the protection tube. Hence, we regard the measured 
temperature profiles by the thermocouple whose joint is the outside of the protection tube as that 
realistically experienced by ash compact in the wetting experiment. 
Text S3.  
Definition of the area percentage: During the melting process, the absolute value of the 
specimen silhouette area is calculated by the number of pixels in the samples. Subsequently, the 
area percentage, A%, is defined by Eq. (3): 
( , )
20
( )
(%) in t T
P P
A
P
−
=  (3) 
where Pin and P are the number of the pixel included a sample core’s silhouette at the initial 
stage and the area after each interval time (t) or temperature (T), respectively. The relationship 
between the area percentage and time at different temperatures is shown in Figure S4. 
Text S4. 
Definition of characteristic conditions in spreading process: In the present study, through an 
analysis of the geometrical evolution of the volcanic ash compact, we note that spreading of 
molten volcanic ash droplets is distinct from the traditional liquid spreading process; Owing to 
the overlap of the processes of melting and spreading of the molten volcanic ash droplet, it is 
thus necessary to re-define the various characteristic conditions which dictate the spreading 
process of the molten volcanic ash droplet. Based on the evolution of radius r between the 
molten volcanic ash and solid alumina substrate in the whole experimental process, we define the 
initial, final and equilibrium spreading conditions, respectively, as follows. The initial spreading 
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condition is defined when the radius ! becomes small and then constantly increases with time 
and the corresponding radius and time are regarded as the initial spreading radius !!  and the 
initial spreading time !! (red circle symbols in Figure S5). Defining an explicit point as the finial 
spreading condition is not straightforward because wetting is a subject in which disorder plays an 
important role, even under idealized laboratory conditions (e.g., an ideal liquid wetted on a non-
chemical reaction substrate, such as a water droplet spread on a glass surface at room 
temperature). In order to diminish the effect of disorder shown in the crossover of radius curves 
at each !!"#, we regard the condition when r is equal to 90% of the equilibrium condition 
(namely, where the experiment finishes, see color square symbols in Figure S5) as the final 
spreading condition (black square symbols in Figure S5). Consequently, the final and 
equilibrium conditions corresponding to the radii and time are considered as final spreading 
radius !! and equilibrium radius !!" as well as final spreading time !!  and equilibrium time !!". 
Furthermore, according to the evolution of shape factor S, which is defined by droplet circularity, 
a function of the perimeter ! and the area ! of the silhouette of volcanic ash droplet (see Eq. (2)) 
2
4 AS
P
π
=     (2) 
 
where the S of a circle is 1. After passing the initial spreading condition, the droplet radius ! is 
measured when the shape factor value S becomes the maximum (pink diamond symbols in 
Figure S5). All characteristic conditions corresponding to times and radii at three independent 
times are shown in Table 1. 
Page	S6	
	
 
Text S5.  
Definition of average spreading velocity: In order to quantify the spreading dynamics, we 
estimate the average spreading velocity ! by calculating the average value of the instantaneous 
velocity at each second during the spreading process occurring between the initial and finial 
spreading conditions (Eq. (4)).  
1
r
1,...,
t t
r
i r i
d
dt
v i t
t
=Δ
=
⎛ ⎞
⎜ ⎟
⎝ ⎠= = Δ
Δ
∑
    
(4) 
where F It t tΔ = − , !!  and !!  are the initial and final spreading time, respectively. !! is the 
relative spreading radius (equal to the difference between the absolute spreading radius and the 
initial spreading radius,  !− !!), !!  is the relative spreading time (equal to the difference 
between the absolute spreading time and the initial spreading time,  !− !!). 
Text S6.  
Viscosity measurement of volcanic ash melt: High temperature viscosity measurements of 
volcanic ash melt were obtained using the concentric cylinder system. The starting materials for 
viscosity determinations were melt glasses prepared from Eyjafjallajökull volcanic ash. 
Approximately 50 g of ash materials were first ground in alcohol in an agate mortar for 3 hours 
and then heated at 800 °C overnight to remove any organic carbon products. These samples were 
fused at 1400 °C for 3 hours in a 25 cm3 Pt crucible. Prior to viscosity determinations, fused 
samples were poured from the Pt crucible into the Pt80Rh20 crucible used for viscosity 
measurement. 
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Viscosity was measured with a Brookfield RVTD viscometer head at 1 atm in the temperature 
range from 1395 °C to 1199 °C by cooling in 20 °C increments. Measurement was started at 
1500 °C (corresponding to sample temperature of 1395 °C) and the melt was stirred with a 
Pt80Rh20 spindle for 1 hour, resulting in a homogenous, bubble-free melt. Subsequent 
measurements were performed in increments of decreasing temperature until crystallization 
occurred (Figure S6A). 
Note that, in the current wetting experiment, the whole spreading process of molten volcanic ash 
is partially combined with the fusion process, which causes complications as the droplet is not a 
homogenous liquid, but rather includes crystals and bubbles. This may imply that the rheological 
properties are not Newtonian. We use the model based on the experimental viscosity values 
estimated in Figure S6B obtained from the volcanic ash melt without crystals and bubble in the 
thermodynamic equilibrium condition. However, considering the influence of bubble and 
crystals in the partial and complete spreading process at each Tmax conditions on viscosity, it 
might result in the certain error.  
Text S7.  
The sensitivity of molten volcanic ash on interfacial effects: In the high temperature system, 
the interfacial reaction between sample and substrate is inevitable. It might be that the degree to 
which the interfacial reaction and dissolution between molten volcanic ash and alumina substrate 
is a function of temperature. Thus, we first analyzed the most extreme case, namely, the sample 
which remained at the highest temperature of 1451°C for 5000 s to determine the effect of 
interfacial effects on spreading process in our current experiment. 
We performed cross-section analyses of the drop and substrate interface after the experiment 
using an electron probe micro-analyzer to quantitatively measure the chemical composition of 
Page	S8	
	
the volcanic ash sample after experiment (Figure S7A). Because viscosity – a chemically-defined 
parameters of silicate liquids – is the most influential factor in the determination of the spreading 
kinetics of molten volcanic ash, the relative modification of viscosity due to the dissolution of 
alumina was estimated (see below) at < 2%, which indicates interfacial effects in our experiment 
can be regarded as negligible; that is, all of spreading process in our current experimental 
conditions can be regarded as nonreactive spreading process. Here, due to the fact that it is 
impossible to directly measure the viscosity of heterogeneous volcanic ash sample during the 
physico-chemical process of fusion and wetting studied here, the viscosity at each furnace 
temperature is estimated using the bulk chemical composition of the ash as input parameter into 
the GRD silicate melt viscosity calculator (Figure S7B). 
Text S8.  
Rescaling the spreading process based on Tanner’s law: Tanner’s law assumes that viscous 
forces are the dominant source of resistance and uses a capillary time scale to derive a power-law 
time dependence between the spreading radius, ! and time ! of !  ̴  !!. Here, we characterized the 
spreading behavior by dimensional analysis !! ! = !(!! !)! , where !! and !! are the relative 
spreading radius and relative spreading time, with a prefactor ! and a power-law exponent !, the 
capillary time is given by ! = !" Г with !(!, !), ! and Г the dynamic viscosity, droplet radius 
and surface tension. Except for the spreading processes at 1133 °C and 1180 °C, which is 
isothermal, all the experiments experience non-isothermal conditions. Accordingly, the viscosity 
of molten volcanic ash droplet is no longer constant but varies with time and temperature in the 
spreading process. This is one of the biggest differences between the low and high temperature 
spreading of organic liquids and polymers, and molten metals. Thus, dynamic viscosity !(!, !) is 
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calculated via the specific regression expression shown in Figure 4 based on each spreading time 
for a given temperature condition. 
Text S9. 
Pearson product-moment correlation coefficient analysis: Figure S8 shows the logarithm of 
the normalized relative radius, !"# (!!/!), as a function of the logarithm of the normalized 
relative time, !"# !! !  for the whole spreading process of the molten volcanic ash at the !!"# 
range of 1133-1451°C. The spreading kinetics shown in Figure S8 do not follow an ideal power 
law relationship between !! until !! at the various !!"#. 
First, we used the Pearson product-moment correlation coefficient ζ (Eq. (5)) to analyze the 
power law relationship between !!/! and !! ! between !! and !!  at the !!"# range of 1133-
1451 °C. 
' '' '
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1 1
' '' 2 ' 2
1 1
1 1
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∑ ∑ ∑ ∑
    
(5) 
ζ has a value between -1 and 1. ζ of -1 or 1 corresponds to a very good linear relationship 
between !"# (!!/!) and !"# !! ! , indicting there is a power law relationship between !!/! 
and !! ! and the spreading process perfectly follows Tanner’s law.  
According to the variation of ζ marked in blue circles throughout the whole spreading process, 
we define the time of lowest ζ as time !! and take this as the threshold point between the early 
and later stages. After this point, we reapplied the Pearson product-moment correlation 
coefficient ζ to analyze the power law relationship between log (!!/!) and log (!! !) in the 
stage between the !! and !!, and the ζ value in between !! and !!, and determined it to be higher 
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than 0.99 (that is, there is a power law relationship between them). At !!"# of 1133 °C, where 
we found that ζ is low (< 0.4), due to the fact that spreading is not continuous in this experiment. 
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Figure S1. Physical and chemical characteristics of the Eyjafjallajökull volcanic ash. (A) The bulk 
chemical composition constrained by the major oxides content (wt.%). (B) SEM images of embedded 
volcanic ash particles (left) and a single ash particle (right). (C) Cumulative volume distribution of the 
milled ash.  
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Figure S2. Measurement of sample temperature. (A) Side view sketch and image of an ash sample and 
alumina substrate on the specimen holder; note the position of the thermocouple in a protective tube. (B) 
Side view sketch and image of the joint of an unprotected thermocouple in an alumina substrate 
specimen holder. (C) The heating profile obtained from the thermocouple with (red lines) and without 
(black lines) protection tube as a function of time at the !!"# range from 1039 °C to 1451 °C. The 
temperature value of the thermocouple with protection tube is the mean of 3 independent experiments. 
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Figure S3. Comparison of heating rates obtained by the thermocouple with and without protection tube 
at the !!"# range from 1039 °C to 1451 °C. 
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Figure S4. The evaluation of area percentage of a cylindrically shaped volcanic ash compact sample at 
the !!"# range from 1039 °C to 1451 °C. 
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Figure S5. Definition of various characteristic conditions in the spreading process experienced by 
molten volcanic ash droplet at the !!"# range from 1133 °C to 1451 °C. Evolution of the spreading 
radius r and shape factor f of the molten volcanic ash droplet is displayed as a function of time at the 
various !!"#. The results are the representative of 1 independent experiment. 
 
	  
Page	S17	
	
 
 
Figure S6. Viscosity-temperature relationships for the volcanic ash melt. (A) The viscosity of volcanic 
ash melt as a function of time at the temperature range from 1199 °C to 1395 °C. (B) The viscosity data 
obtained for the volcanic ash melt at the equilibrium condition are fitted with a regression for which the 
equation is given in the figure along with the goodness of fit.  
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Figure S7. The effect of interfacial reactions. (A) Cross-sectional scanning electron micrograph of the 
interface between molten volcanic ash droplet and an alumina substrate on the chemical composition of 
molten volcanic ash droplet after spreading at the !!"# of 1451 °C. The inset is a partial enlarged 
section of Figure S7A where the chemical composition of red dashed line was measured by electron 
probe micro analysis. (B) Comparison of the bulk chemical composition (in wt. % of oxides) of the 
volcanic ash measured by X-ray fluorescence before experiment and average value of the chemical 
compositions of 270 points distributed in the line shown in Figure S7A after experiment as well as the 
corresponding viscosity calculated by GRD model based on these two chemical compositions and a 
temperature of 1451 °C. 
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Figure S8. Rescaling experimental data on the spreading process for the molten volcanic ash droplet at 
the !!"# range from 1133 °C to 1451 °C. The logarithm normalized spreading relative radius, log 
(rr/R) (black line), and the corresponding linear correlation coefficient ζ in the whole spreading process 
(blue circles) and between the tc and tF (yellow triangles) as a function of the logarithm of normalized 
time, log (tr/τ). The results are the representative of 1 independent experiment. A reduced dataset is 
shown for clarity. 
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Table S1. The parameters at the characteristic conditions in the spreading process experienced by molten volcanic ash droplet at the !!"# range from 1133 °C to 1451 °C. The data is provided for three runs and the average is calculated along with the standard 
deviation. 
Temperature 
(oC) 
Time 
 
Equilibrium conditions Dynamic process 
θeq,L (o) θeq,R (o) θeq,  (o) req (10-3m) tI (s) tF(s) v
−
 
(10-5 m s-1) 
a C r 
1133 
1st 69 69 69 2.20 500 5918 0.020 0.27 0.52 0.99 
2nd 70 71 71 2.20 552 6250 0.022 0.32 0.30 0.99 
3rd 74 72 73 2.24 549 5388 0.023 0.30 0.29 0.99 
Mean ± s.d. 71±2.08 71±0.69 71±2.02 2.21±0.022 534±29.19 5852±434.77 0.022±0.001 0.30±0.025 0.37±0.13 0.99 
1180 
1st 63 64 64 2.42 268 1235 0.12 0.27 0.75 0.99 
2nd 63 64 64 2.43 294 1170 0.13 0.24 0.73 0.99 
3rd 67 66 67 2.39 294 1197 0.14 0.25 0.87 0.99 
Mean ± s.d. 65±2.31 65±1.15 65±1.73 2.41±0.018 285±15.01 1201±32.65 0.13±0.001 0.25±0.015 0.78±0.076 0.99 
1226 
1st 50 50 50 2.69 195 608 0.37 0.29 0.65 0.99 
2nd 51 50 51 2.79 191 667 0.36 0.29 0.74 0.99 
3rd 52 50 51 2.82 201 705 0.34 0.25 0.87 0.99 
Mean ± s.d. 51±0.58 50±0 51±0.50 2.76±0.069 196±5.03 660±48.88 0.36±0.001 0.28±0.023 0.75±0.11 0.99 
1272 
1st 29 28 29 3.48 151 771 0.38 0.28 0.70 0.99 
2nd 25 25 25 3.48 157 801 0.36 0.25 0.84 0.99 
3rd 27 27 27 3.51 151 790 0.37 0.30 0.58 0.99 
Mean ± s.d. 27±2.00 27±1.53 27±1.76 3.49±0.02 153±3.64 787±15.18 0.37±0.001 0.28±0.025 0.71±0.13 0.99 
1315 
1st 22 22 22 3.66 120 395 0.89 0.28 0.92 0.97 
2nd 21 21 21 3.63 128 448 0.77 0.25 0.86 0.99 
3rd 23 23 23 3.60 128 446 0.76 0.26 0.84 0.99 
Mean ± s.d. 22±1.00 22±1.00 22±1.00 3.63±0.028 125±4.62 430±30.04 0.08±0.001 0.26±0.015 0.87±0.04 0.99 
1360 
1st 21 20 21 3.72 103 302 1.32 0.31 0.60 0.99 
2nd 20 21 21 3.72 92 253 1.64 0.36 0.50 0.99 
3rd 20 20 20 3.72 105 285 1.43 0.26 0.84 0.99 
Mean ± s.d. 21±0.29 21±0.29 21±0.29  3.72±0 100±7.00 280±24.88 1.47±0.001 0.31±0.05 0.65±0.17 0.99 
1406 
1st 19 19 19 3.87 78 199 2.23 0.26 0.52 0.99 
2nd 19 19 19 3.86 87 227 1.98 0.29 0.30 0.99 
3rd 19 20 20 3.88 93 228 2.02 0.25 0.29 0.99 
Mean ± s.d. 19±0 19±0.57 19±0.57 3.87±0.008 86±7.55 218±16.46 2.10±0.001 0.27±0.02 0.37±0.13 0.99 
1451 
1st 18 18 18 7.84 78 169 3.03 0.25 0.80 0.98 
2nd 18 19 19 7.83 66 153 3.13 0.26 0.81 0.99 
3rd 18 19 19 7.84 74 182 2.60 0.26 0.77 0.99 
Mean ± s.d. 18±0 18±0.57 18±0.57 7.84±0.01 73±6.11 168±14.52 2.92±0.28 0.26±0.0058 0.79±0.02 0.99 
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Movie S1. the wettability and spreading process of volcanic ash at the extreme heating conditions. 
